Background: The aim of this study was to investigate the retinal structure in different grades of myopia and correlate it with the functional changes detected with multifocal electroretinogram (mf-ERG) and try to show the most important determining factors. Methods: The study included 80 participants divided into four groups according to their spherical equivalent refractive error, namely, emmetropia (within AE 0.50 D), mild myopia group (greater than −0.50 to −3.00 D), moderate myopia group (more than −3.00 to −6.00 D) and high myopia group (greater than −6.00 D). Full ophthalmologic examination was performed for all participants, including visual acuity (VA), slitlamp examination, Goldmann applanation tonometry, indirect ophthalmoscopy, axial length (AL) measurement, retinal nerve fibre layer thickness assessment and mf-ERG stimulation. Results: Axial length was significantly higher in myopes than emmetropes; also it was higher the greater the degree of myopia. There was a reduction in the amplitude and prolongation of implicit times of mf-ERG in myopia. Also P1 implicit time of the mf-ERG response was prolonged the greater the degree of myopia. The retinal nerve fibre layer was significantly thinner in myopic groups than the emmetropic group. The thinning of the retinal nerve fibre layer increased the more the degree of myopia. Multiple regression analysis of myopic patients showed that AL is the most important determinant of most of the mf-ERG five-rings retinal response density (RRD), mf-ERG four-quadrant (Q) RRD, most of the five-rings P1 amplitude and all five-rings latencies. The most important determinant factors of mean Q RRD were VA, AL and retinal nerve fibre layer thickness. Conclusion: The retina of the myope is subject to both structural and functional alterations compared to that of the emmetrope. Significant correlations exist between the functional and structural changes and can be explained on bases of longer AL and increasing myopic refraction.
Myopia is a widespread condition which can threaten public health. Several populationbased studies have reported a prevalence of myopia as high as 80 per cent in Asia and 25 per cent in other countries. [1] [2] [3] [4] Although myopia can be easily corrected with the use of spectacles or contact lenses, high myopia, which is typically defined as a spherical equivalent refractive error of more than −6.00 D, has been accompanied by various retinal diseases, such as myopic macular degeneration, retinal detachment and peripheral retinal changes. Permanent visual damage or even blindness can be a final outcome. [4] [5] [6] [7] Myopia occurs when the axial length of the eye is too long for its optical power and the increased axial length is the major anatomical feature that discriminates myopia from emmetropia. 8 Eyeball axial elongation is the primary anatomic change that happens as myopia increases. 9 This lengthened eye leads to altered arrangement and morphology of photoreceptors as reported in previous animal research, 10, 11 and is associated with thinning of the retina in humans. 12 Based on these changes, retinal function is likely to be affected to some degree in the myopic eye.
Retinal function in human myopic eyes has been examined objectively with electrophysiological techniques. It is known that retinal electrical responses resulting from the single flash full-field electroretinogram (ERG) are reduced in amplitude in myopic eyes and that ERG amplitude decreases proportionately with increasing axial length. [13] [14] [15] Westall, Dhaliwal and Panton 15 emphasised that axial length is more important than the refractive error, when assessing ERG responses. 16 They demonstrated that the amplitude of the response diminished with prolongation of axial length. Multifocal electroretinogram (mf-ERG) concurrently providing information from multiple retinal places, 17, 18 has been applied to study retinal function in eyes with longer axial lengths. Kawabata and Adachi-Usami 19 found different mf-ERG responses in patients with myopia; responses were more altered as the degree of myopia increased. The amplitude diminution was greatest toward the retinal periphery (eight degrees to 25 degrees). Chan and Mohidin 20 also stated that mf-ERG response reductions across the retina and amplitudes were decreased by six to ten per millimetre increase in axial length. All the given studies have included cases of physiological myopia in the absence of posterior staphyloma or myopic retinopathy. Indeed, in addition to the functional changes reported, several ocular structures can be changed in myopic eyes when compared to emmetropic eyes. Optical coherence tomography (OCT) shows a significant relationship between axial length and macular thickness. 21, 22 Thinning of the peripheral retina is caused by mechanical stretching of the retina/sclera due to the ocular elongation.
Myopia is a high risk factor for open angle glaucoma; [23] [24] [25] however, the morphologic and functional changes of the optic nerve and retinal nerve fibre layer in myopic patients can make the diagnosis of glaucoma more complicated. Therefore, it is important to understand the retinal nerve fibre layer parameters and find out their relationship to the retinal functional changes in non-glaucomatous myopic patients. Some previous studies demonstrated altered nerve fibre layer thickness in myopia. Other studies focussed only on retinal function, as measured by mf-ERG. The relationship between both functional and anatomical derangements was not studied on the same group of patients. Hence in the current study, our aim was to investigate the retinal structure in different grades of myopia and correlate it with the functional changes detected with mf-ERG and try to show the most important determining factors.
METHODS
This clinical study was conducted between April 2014 and March 2015. All participants were chosen among patients attending the ophthalmology outpatient's clinics of Ain Shams University who come for ophthalmological examination. It included 60 patients (60 eyes) with myopia, with ages ranging from 15 to 35 years. Twenty age and sex matched, healthy emmetropic subjects were included as a control group (20 eyes).
Participants were classified based upon the subjective non-cycloplegic spherical equivalent refractive error: emmetropic group (within AE 0.5 D), mild myopic group (from −0.5 D to −3.00 D), the moderate myopic group (greater than −3.0 to −6.00 D) and the highly myopic group (greater than −6.00 D).
We excluded any patient with pre-existing retinal disease, whether congenital or acquired, especially diabetic maculopathy, opaque media, glaucoma, previous ocular trauma, previous retinal surgery and previous optic nerve disease, such as optic neuritis or ischaemic optic neuropathy, so as not to make results of our study confusing.
We conducted the study in accordance with the ethics standards stated in the Faculty of Medicine, Ain Shams University, with informed consent obtained from the patients and/or patients' guardians. The ethics committee adopts the basic concepts of the Declaration of Helsinki.
All subjects underwent a full ophthalmologic examination by the same ophthalmologist which included refractive error examination using non-cycloplegic autorefraction (Topcon KR-8800, Tokyo, Japan). We calculated spherical equivalent as the sum of the spherical power and half of the cylindrical power, 26 then refractive errors were corrected using contact lenses to avoid affecting image size, visual acuity (VA), slitlamp examination, Goldmann applanation tonometry, indirect ophthalmoscopy, axial length measurement (PacScan 300A, Sonomed Escalon Inc, New Hyde Park, New York, USA), central corneal thickness (CCT), retinal nerve fibre layer thickness (retinascan RS-3000 advance; NIDEK, Gamagori, Japan) and mf-ERG stimulation was performed with the Roland Consult RETI port/scan21 (Roland Consult, Brandenburg, Germany).
Axial length measurement
The axial length was measured by A-scan ultrasonography. The cornea was anaesthetised prior to measurement, with one drop of topical 0.4 per cent benoxinate hydrochloride. Multiple readings were taken to calculate an average value. The standard deviation was below 0.1 mm for each subject.
Central corneal thickness measurement
Central corneal thickness was measured using spectral domain OCT (SD-OCT) by means of the anterior segment OCT program, in which we use the anterior segment adaptor (a special lens mounted on the camera device to capture the anterior segment and the cornea). We used the single corneal line scan horizontally with the scan width of 6.0 mm centred on the corneal centre, in which the single scan was averaged from 10 A-scans to get the best quality image and nearly without noise. The resolution of the single scan of the 10 A-scans was 1,024 points. Then, we measured the CCT from the most superficial hyper-reflective line, representing the corneal epithelium to the deepest hyperreflective line representing the corneal endothelium.
Multifocal ERG recording
The mf-ERG stimulation was performed with the RETI-port/scan 21 (Roland Consult).
Responses were monocularly recorded. A HK Loop electrode was hooked into lower fornix, as an active electrode. The pupil was dilated with 0.5 per cent tropicamide and the non-examined eye was occluded. A ground-gold disk electrode was placed on the forehead and a separate surface reference electrode was placed on the skin near the outer canthus of the eye.
The visual stimulus array was driven on a cathode ray tube monitor consisting of 61 scaled hexagons. The size of the hexagons was scaled with eccentricity to elicit approximately equal amplitude responses at all locations. Each hexagon was temporally modulated between black and white based on pseudorandom binary msequence with luminance of 100 cd/m 2 in white hexagons and 2.0 cd/m 2 in black hexagons. The signal amplification was 50,000 and the filter setting was bandpass 6-100 Hz. Normal room lighting was used. Subjects were asked to maintain fixation on the red fixation target at the centre of the stimulus matrix and to refrain from blinking. Each recording session took approximately four minutes to complete; a break was given after each 30 seconds of recording. Data from two full mf-ERG recording sessions were obtained for each subject and averaged. 27 The mf-ERG is in the form of five waveform grouping responses from five concentric rings. The stimuli locations and anatomic areas corresponded roughly as follows:
• Ring 1 is the most central hexagon with a radius of about 0.5 mm corresponding to the fovea (zero to two degrees), • Ring 2 to the parafovea (two to seven degrees), • Ring 3 to the perifovea (seven to 13 degrees), • Ring 4 to the near periphery (13 to 22 degrees) and • Ring 5 to the central part of the middle periphery (22 to 30.5 degrees). The four-quadrants grouping was a fourwave form response from superotemporal, superonasal, inferotemporal and inferonasal.
The protocol followed the recommended guidelines of the International Society of Electrophysiology of Vision for basic mf-ERG. Using averaging programs, all wave-form amplitudes were scaled in v/degree (density-scaled average), which reflects the angular size of the stimulus hexagons that produced the response. These averages give a more accurate view of the relative response densities of each group. The retinal response density (RRD) decreases with eccentricity, although there is no further decrease from ring 4 to ring 5. 27 
Statistical analysis
We conducted data analysis using SPSS, version 16 (SPSS Inc., Chicago, Illinois, USA). Gender differences were analysed using the chi-square test. Data normality assumption was tested with the Kolmogorov-Smirnov test. Multiple groups of non-parametric data sets were compared using the MannWhitney test. Relationships among retinal thickness, spherical equivalent and axial length were tested by the Pearson correlation coefficient. Regression analyses were done to assess the different factors that can affect mf-ERG parameters in different grades of myopia. A p-value was considered statistically significant if < 0.05.
RESULTS
The gender of participants was not statistically different in the different groups including emmetropic (male/female ratio 9/11), mild myopic (male/female ratio 8/12), moderate myopic (male/female ratio 10/10) and highly myopic (male/female ratio 11/9) groups (χ 2 = 1.002 and p = 0.80). There were no statistically significant differences between group means regarding age and CCT as determined by MannWhitney test (Table 1) .
The Mann-Whitney tests yielded a statistically significant difference among groups as VA has lower logMAR values in emmetropes in comparison to the other three myopic groups, that is, the more the increasing degree of myopia the higher the logMAR values (Table 1) ; however, VA has higher logMAR in high myopes only in comparison to the other three studied groups (Table 1) .
Axial length and spherical equivalent were statistically lower in emmetropes compared to myopes (Table 1 and Figure 1 ).
Ring RRD showed statistically significant differences for moderate and high myopes compared to emmetropes, while there was no statistical difference between emmetropes and mild myopes.
The mf-ERG quadrant RRD was significantly lower in moderate and high myopic groups than the emmetropic group; however, there was no statistical difference between emmetropes and mild myopes. The highly myopic group showed significantly Functional and structural retinal changes in myopia Ismael, El-Shazly, Farweez and Osman lower results compared to the other myopic groups ( Table 2) .
The mf-ERG rings P1 amplitude (μV) showed that there were statistically significant differences among the four studied groups in all rings. The greater the increase in myopia, the lower the ring P1 amplitude (Table 3 and Figure 2) .
The mf-ERG five-rings P1 latency (ms) showed that there were statistically significant differences among the four studied groups in all rings. The mf-ERG ring P1 latency (ms) was significantly longer in myopic groups than in the emmetropic group (Table 3) .
The four-quadrant P1 amplitude (μV) showed significant differences among the four studied groups in all quadrants. The mf-ERG quadrant P1 amplitude (μV) was significantly lower in myopic groups than in the emmetropic group (Table 4) .
The mf-ERG four-quadrant N1 amplitude (μV) showed significant differences among the four studied groups in all quadrants ( Figure 3) . The mf-ERG quadrant N1 amplitude (μV) was significantly lower in myopic groups than in the emmetropic group (Table 5) .
The mf-ERG four-quadrant N1 latency (ms) showed significant differences among the four studied groups in all quadrants. The mf-ERG quadrant N1 latency (ms) was significantly longer in the myopic groups than in the emmetropic group (Table 5) .
Regarding retinal nerve fibre layer, there were significant differences among the four studied groups in average nerve fibre layer thickness (μm) and in the different areas. The retinal nerve fibre layer was significantly thinner in all myopic groups than in the emmetropic group. The thinning of the retinal nerve fibre layer is greater with high grades of myopia (Table 6 ).
The mf-ERG five-rings RRD (amplitude/ area) showed negative correlations with axial length (r = −0. The OCT has four quadrants (superior, inferior, temporal and nasal), while mf-ERG has different quadrants (superior and inferior temporal and superior and inferior nasal). So to correlate such asymmetric quadrants, we calculated the means of quadrant RRD and correlated them with average retinal nerve fibre layer thickness.
In mild myopia, mean Q RRD (nV/deg 2 ) showed negative correlations with axial length, CCT and spherical equivalent (r = −0.81, −0.46 and −0.55, respectively, with p < 0.001), while they showed positive correlations with retinal nerve fibre layer thickness (r = 0.61 with p < 0.001).
In moderate myopia, mean Q RRD (nV/deg 2 ) showed negative correlations with axial length and spherical equivalent (r = −0.75 and −0.77, respectively, with p < 0.001), while they showed positive Figure 2 . Sample electroretinogram (ERG) quadrants grouping wave form of one of our controls showing the typical waveform of the main multifocal ERG response (the first-order kernel K1 or first-order response) is a biphasic wave with an initial negative deflection followed by a positive peak. The N1 response amplitude is measured from the starting baseline to the base of the N1 trough; the P1 response amplitude is measured from the N1 trough to the P1 peak. The peak implicit times of N1 and P1 are measured from the stimulus onset. Functional and structural retinal changes in myopia Ismael, El-Shazly, Farweez and Osman correlation with retinal nerve fibre layer thickness (r = 0.81 with p < 0.001).
In high myopia, mean Q RRD (nV/deg 2 ) showed negative correlations with axial length and spherical equivalent (r = −0.77 and −0.66 with p < 0.001, respectively), while they showed positive correlations with retinal nerve fibre layer thickness (r = 0.71 with p < 0.001).
In myopes, average retinal nerve fibre layer thickness showed negative correlations with axial length and spherical equivalent (r = −0.63 and −0.90 and p < 0.001 and < 0.001), while they showed positive correlations with mean Q RRD (r = 0.90 and p < 0.001).
Multiple regression analysis of myopic patients showed that axial length is the most important determinant of most of mf-ERG five-rings grouping waveforms (amplitude/ area) (beta = −0.24, −0.27 and −0.18 and p = < 0.001, < 0.001 and 0.002) and for mf-ERG four-quadrant grouping waveforms (amplitude/area) (beta = −0.15, −0.37 and −0.37 and p = 0.03, < 0.001 and < 0.001).
Multiple regression analysis of myopic patients also showed that axial length is the most important determinant of most of mf-ERG five-rings amplitude (beta = −0.08, −0.20 and −0.14 and p = 0.04, < 0.001 and 0.01) and for mf-ERG five-rings P1 latency (beta = 0.29, 0.17 and 0.19 and p < 0.001, < 0.001 and < 0.001).
For myopic patients, the spherical equivalent is one of the most important determinants of most of mf-ERG five-rings P1 amplitude (beta = 0.09, 0.10 and 0.13 and p = 0.04, 0.03 and 0.01) and for mf-ERG five-rings P1 latency (beta = −0.04, −0.24, −0.17, −0.13 and −0.14 and p = 0.04, < 0.001, < 0.001, 0.02 and 0.01).
We plotted multiple regression analyses for myopic patients to show which factor in the study was the most important determinant of mean Q RRD. We found that mean Q RRD was not attributable to VA, spherical equivalent and CCT, while VA, axial length and retinal nerve fibre layer thickness were the most important determinants for mean Q RRD (beta = 0.26, 0.47 and 0.88, respectively) (p = 0.3, < 0.001 and < 0.001, respectively).
DISCUSSION
The four studied groups showed no age or gender differences. This establishes a sound basis for their comparison.
The axial length was significantly higher in myopes than emmetropes. It was longer for higher degrees of myopia. This agrees with Wang, Zhou and Zhou, 28 who stated that the axial length increases with the severity of myopia. Fledelius 29 8 found that as myopia increased, all ellipsoid dimensions increased with the axial dimension increasing more than the vertical dimension, which in turn increased more than the horizontal dimension.
The mf-ERG ring RRD was significantly lower in the myopic groups than the emmetropic group, except for group 2 that showed an insignificant difference from group 1, while group 2 showed an insignificant difference from group 3. The mf-ERG ring P1 amplitude was significantly lower in the myopic groups than the emmetropic group. Ring P1 latency was significantly longer in the myopic groups than in the emmetropic group. The mf-ERG quadrant P1 amplitude was significantly lower in the myopic groups than in the emmetropic group. The mf-ERG ring P1 latency was significantly longer in myopic groups than in the emmetropic group.
Myopia progression was found to induce a reduction of P1 amplitude and prolongation of implicit times of P1 of mf-ERG in myopes, as the spherical equivalent increased. The reduced amplitudes decreased more, as the stimulus hexagons were in the more peripheral areas, which agrees with Luu, Foulds and Tan, 30 who showed that there is a delay in implicit time and reduction in amplitude in P1. The amplitudes were significantly correlated with the severity of myopia in adult subjects. Also, Kader 31 found that retinal functional impairment is correlated with increase in the dioptres of myopia. Kawabata and Adachi-Usami 15 found that amplitudes were reduced and latencies were delayed as the refractive errors increased. The amplitudes in the peripheral areas were more reduced in the myopic groups; however, Kawabata and Adachi-Usami 19 reported significantly longer response latencies in medium and high myopia than emmetropes with amplitude reduction.
Retinal nerve fibre layer was significantly thinner in myopic groups than in the emmetropic group. The thinning of the retinal nerve fibre layer increased with the degree of myopia. The relationship between myopia and a thinning of the retinal nerve fibre layer has been well reported in both children and adults. [32] [33] [34] Also, Yuan and colleagues 35 found that the higher the refractive error, the thinner the retinal nerve fibre layer. In contrast, Chen and colleagues 36 did not report any relationship between the global retinal nerve fibre layer and spherical equivalent in a population aged seven to 18 years. Likewise, Tong and colleagues 37 investigated 316 Singaporean children aged 11 to 12 years using Heidelberg retinal tomography and did not find any significant association between the retinal nerve fibre layer with axial lengths or myopic status. Kader 31 found that there is no statistically significant difference between the average retinal thickness in emmetropic and physiological myopic eyes (low, medium or high).
The mf-ERG five-rings and four-quadrant RRD showed negative correlations with axial length and refraction, while they showed positive correlations with VA. Fiverings P1 amplitude and latency showed negative correlations with axial length and spherical equivalent, while they showed positive correlations with VA. Mean group Q RRD showed negative correlation with axial length and spherical equivalent, while they showed positive correlation with retinal nerve fibre layer thickness. Kader 31 found that in myopia, there were correlations between mf-ERG amplitude and both found that there is linear reduction in the logarithmic transformation of ERG amplitude with increasing axial length, related more to axial length than refractive error.
Retinal nerve fibre layer thickness showed negative correlations with axial length and spherical equivalent (r = −0.63 and −0.90 and p < 0.001 and < 0.001), while they showed positive correlation with VA mean group Q RRD (r = 0.72 and 0.90 and p < 0.001 and < 0.001). Lee and colleagues 38 stated that there were significant correlations between the global retinal nerve fibre layer thickness with spherical equivalent and axial length. Yuan and colleagues 35 found that there is a correlation between refractive error and the retinal nerve fibre layer thickness.
Multiple regression analysis of all myopic patients showed that axial length is the most important determinant of most mf-ERG five-rings RRD, for mf-ERG fourquadrant RRD, most of the five-rings P1 amplitude and for five-rings latency. Also, the most important determinants of mean Q RRD were VA, axial length and retinal nerve fibre layer thickness.
Several explanations for these worse findings of ERG and retinal nerve fibre layer changes have been suggested, namely optical, electrical and retinal. A significant negative correlation between axial length and refraction with implicit time in all rings or quadrants or between axial length and amplitudes could be related to optical factors. This reduction may be related to reduced image size and decreased retinal illumination, as a result of axial elongation of the eye. Second, the increased distance between the electrical site (the retina) and the electrode is an electrical explanation. Finally, diminished retinal photoreceptor density, 10 morphological variations in the photoreceptor outer segment 39 and photoreceptor dysfunction 11 have been considered as retinal factors. The causes for prolongation of latency may be the differences in the kinetics of synaptic transfer from photoreceptors to ON and OFF pathways of bipolar cells. 40 Other possible causes are alteration in the dopaminergic system; dopamine levels are reduced in myopia 41 and dopamine agonists have been shown to inhibit myopia. 42 Dopamine is also involved in the reorganisation of receptive field properties associated with fluctuations in retinal illuminance, as it alters the dynamics of the ganglion cell response. 43 In summary, there was a reduction in amplitude and prolongation of implicit times of the mf-ERG in myopia. Moreover, the P1 implicit time of the mf-ERG response was more prolonged the greater the degree of myopia and this was explained by longer axial length and refraction. Retinal nerve fibre layer thickness was significantly thinner in myopic groups than emmetropic group. The retinal nerve fibre layer was thinner the greater the degree of myopia. There is alteration of both structure and function of the myopic in comparison to the emmetropic retina. Both alterations were correlated with each other and dependent on axial length and the degree of myopia.
CONCLUSION
The myopic retina is subject to both structural and functional alterations compared to the retina of emmetropes. Significant correlation exists between the functional and structural changes and can be explained on the basis of longer axial length and increasing myopic refraction. Table 6 . Optical coherence tomographic measurements of retinal nerve fibre layer (RNFL) thickness in the four studied groups
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